ABSTRACT Antibodies are biological molecules generated by the host immune system in response to the invasion of foreign bodies or antigens. Therefore, antibodies must possess high specificity toward target antigens in order for the antigen to be recognized and subsequently destroyed. Because of this specificity, antibodies or antibody fragments that maintain binding specificity are heavily used in diagnostic assays and are becoming increasingly important in many therapeutic applications. Classical immunoassays such as radioimmunoassay and enzyme-linked immunosorbent assay are effective analytical techniques that have been widely used to screen and determine antibody specificity. Because of increased demands for antibodies with well-defined specificities, other techniques have been developed that facilitate generation and characterization of antibody-binding specificities under different conditions, such as when the protein is expressed on a cell surface or the target antigen is hard to isolate. Here, we describe three alternate techniques that provide unique abilities to characterize antibody-antigen binding events: (i) surface plasmon resonance, (ii) fluorescence activated cell sorting, and (iii) atomic force microscopy. These different techniques take advantage of various changes in physical and/or chemical properties of the analytes that occur upon binding, such as refractive index, surface charge, and changes in structure. These techniques provide unique powerful advantages over traditional immunoassays including real-time and label-free detection, low sample volume and concentration requirements, and molecular-level detection sensitivity. This article provides an overview of how these alternate approaches to studying antibody-antigen interactions can be used to facilitate rapid development of new antibody-based reagents for diagnostic and therapeutic applications.
tance between two interacting molecules. While each individual bond is weak, the collective noncovalent bonds between the antibody and antigen can be strong when all the interacting molecules work together synergistically. Because there are a very large number of these interactions and the antigen and antibody are large, flexible, dynamic molecules, binding between an antibody and antigen is a very complex process. The binding interactions may also be time dependent, because formation of an antibodyantigen complex may involve a sequential series of interactions which induce conformational changes that generate some bonds while breaking others. Because of the dynamic and transient state of antibody-antigen interactions, measurements of the antibody-antigen interactions can be quite complicated and inconsistent, and the results may vary depending on the sample treatment conditions and technique utilized (1) .
Classical immunoassays such as radioimmunoassay (RIA) and enzyme-linked immunosorbent assay (ELISA) are widely used to determine the affinity and specificity of antibodies to their target antigens. These assays typically involve the immobilization of the antigen or antibody onto a solid support, followed by the introduction of labeled analyte at varying concentrations and the measurement of bound analyte to determine the binding constant (K D ) of the antibody. While these methods are widely utilized, there are some limitations in their application. For example, RIA and ELISA generally require large amounts of sample, chemical modification to the antigen or antibody for immobilization, and the need of a label. Consequently, modern immunochemical techniques, which include label-free detection, a singlemolecule detection level, and a low sample volume system, have been developed to overcome these limitations and to complement the classical methods to study antibodyantigen interactions. Here, we will review three conceptually different techniques that can be used to study and quantify bulk and single-molecule-level antibody-antigen interactions: (i) surface plasmon resonance (SPR), a labelfree method to measure both on and off rates of antibodyantigen interactions; (ii) fluorescence-activated cell sorting (FACS) that enables high-throughput screening of surface-bound proteins; and (iii) atomic force microscopy (AFM) that enables a molecular-level detection of individual antibody-antigen binding. These techniques differ from traditional immunoassays in that they do not require high sample volumes or concentrations, SPR and AFM do not require additional labeling, SPR provides real-time in situ detection of antibody-antigen interactions, and AFM can provide detailed structural information of the target antigen. These techniques expand the capabilities of classical immunoassays and are particularly useful when the quantity of antibody or antigen is limited, or when the purification process is tedious and difficult, or when the structure of the analytes is unstable or cannot be immobilized.
SPR: a Label-Free Detection System
SPR is an optical technique that offers real-time, labelfree detection of binding interactions between the immobilized biomolecule and the free-flowing analyte. SPR measures changes in mass at the sensor surface as the analyte interacts with the immobilized biomolecule, and this increase in mass is proportional to the increase in refractive index (discussed later). A typical SPR instrument comprises three main components: (i) a microfluidic cartridge, (ii) a sensor chip, and (iii) an optical detection unit (Fig. 1A) . The microfluidic assembly allows the analyte to pass over the sensor surface in a continuous and controlled flow, while maintaining a constant analyte concentration. The sensor chip is usually made of a glass support with a thin gold-sensing layer (2) . The gold-sensing surface of the chip is in direct contact with a flow cell (the sample side), while the glass support is placed directly adjacent to a glass prism on the detector side (Fig. 1B) . A light source, typically a lightemitting diode, emits a wedge of polarized light (3) onto the prism, which has the same refractive index as the glass substrate. The angle of incident from the lightemitting diode source is increased until the prism reflects light at or beyond the critical angle of the sensor surface such that total internal reflection (TIR) occurs (Fig. 1B) .
TIR occurs when a light beam is propagated through two nonabsorbing media of different refractive indices (like glass-buffer or glass-air) (4). This reflected energy from the light beam excites the electrons of the gold atoms in the outer orbitals, thus causing the excited electrons to become delocalized and to form plasmons (4) . The delocalized electrons (plasmons) resonate on the gold surface and emit evanescent waves, which propagate from the glass sensor chip (high refractive index) to the medium (low refractive index). The resonance energy transfer between the evanescent wave and the surface plasmons on the metal surface causes a decrease in the incident light intensity (3). TIR only occurs at a specific angle of the incident light reflection (5) , and the SPRreflected light angle depends on the refractive index of the medium close to the gold film surface (3). As mass accumulates at the sensor chip surface owing to biomolecular interactions, it causes a change in localized solute concentration, which corresponds to a change in the refractive index of the medium. This translates into a change in the SPR angle (5) and the SPR angle is often reported as resonance units (RUs) (Fig. 1C) (3) . By monitoring the SPR signal, it is possible to quantify the interaction between the target and analyte, to determine the kinetics of binding interactions (on and off rates), and to determine the concentrations of the amount of analyte in a sample (Fig. 2) . Because the detection sensitivity of SPR mainly depends on the distance of the analyte from the sensor surface, although some electrostatic attraction or conformational changes may induce changes in SPR angles (6) , SPR can detect virtually any interacting molecules regardless of their nature.
Several SPR experimental setups can be used to obtain data, including direct binding, surface competition, or inhibition-in-solution assays (7) . For immobilization of antigen or antibody, a variety of different surface chemistries (e.g., dextran, carboxylation, and streptavidin coating) are available so that binding artifacts and high nonspecific binding can be avoided (8) .
SPR has important benefits over conventional immunofluorescence or ELISA-type assays for studying interactions between immobilized biomolecules and a solution-phase analyte. SPR measurements are based on refractive index changes and do not require the need of a label or the need for a multistep protocol (9) . Also, since SPR measurements are performed in real time instead of by using equilibrium endpoints, it provides useful thermodynamic and kinetic information of the system, including binding enthalpies and entropies, and the kinetic on and off rates. In addition to antibody-antigen interactions, SPR has also been used to measure proteinpeptide and protein-DNA interactions, cellular ligation, and DNA hybridization (9, 10).
FACS Offers High-Throughput Screening of Antibodies
FACS is an application of flow cytometry that uses fluorescently labeled reagents to detect antigens expressed on cells or other particles. This technique can be effectively used to determine antibody-antigen interactions. One major advantage of using FACS for studying antibody-antigen interactions is that the target antigen does not need to be modified or immobilized. In FACS, cells are first labeled directly or indirectly with fluorophore-conjugated antibodies. The labeled cellantibody mixture is suspended in a stream of fluid, and the cells can then be sorted and analyzed individually. Laser light is directed onto the stream of cells and the scattering characteristics of the cells are used to analyze cell size, granularity, and expression of the antigen of interest on the cell surface (11) . Thus, multiple antibodies can be used to simultaneously detect the expression of several antigens of interest on the cell surface (Fig. 3) . Cells with desired characteristics can be collected for further growth and characterization.
Flow cytometry was first used to determine the equilibrium binding constant K D for a recombinant singlechain antibody fragment (scFv) binding to the CD34 antigen (12) . In this case, yeast cells expressing the scFv were conjugated with a labeled antibody and the antigen concentration was varied. The antigen-antibody binding can be quantified using flow cytometry by measuring the mean fluorescence intensity (MFI) for the antibody and antigen binding over a range of concentrations. The K D can be calculated assuming MFI is directly proportional (fixed constant ratio) to the number of binding events, since both rates of binding and dissociation are equal at equilibrium (Eq. 1). With the use of single-site first-order binding kinetics, and assuming that the concentration of free scFv is much larger than the number of binding sites (12) , the K D and maximum fluorescence values (F max ) values can be obtained by using Eq. 1 and Eq. 2, respectively. Equation 2 is generally referred to as a Lineweaver-Burke plot. A similar approach was also used to quantify the K D values of botulinum toxin specific antibodies using flow cytometry (13) . FACS-based selection techniques were also used to select for scFv's against several proteins and phosphopeptides by using a nonimmune yeast surface display library where the scFv's were displayed on the yeast cell surface by genetically coupling the scFv gene to a yeast agglutinin receptor (14) . K D values of the scFv's calculated using FACS were similar to values obtained by using SPR (15) .
where
where F b = background fluorescence, F max = maximum fluorescence, and [scFv] = concentration of scFv FACS-based analysis can also be used to screen and select for antibodies from second-generation libraries containing mutations of a parent antibody (16, 17, 18) . FACS selection was used to isolate higher-affinity variants from a library of clones generated from a parent antifluorescein 4-4-20 antibody (19) . The dissociation of antigen from scFv follows a first-order kinetic model since FIGURE 2 An SPR sensogram depicting the different stages of a binding event. After the target has been immobilized, a baseline RU is established by using only running buffer in the flow system. Upon injection of the analyte, the RU on the sensogram gradually increases, indicating that the system is in the association phase where the analyte binds to the target. It is important to note that some bound molecules have already begun to dissociate during analyte injection. The RU reaches saturation at steady state, where the associating and dissociating molecules are in equilibrium. Once the analyte injection is completed and is replaced by running buffer, the system is in the pure dissociation phase, which is marked by a decrease in RU. The sensor chip regeneration is performed, and baseline RU should be restored. doi:10.1128/microbiolspec.AID-0010-2013.f2 the dissociation rate (k off ) depends on the amount of antigen bound to the surface-displayed scFv on the yeast (Eq. 3). A plot of the exponential decay of MFI with time enables calculation of the amount of bound antigen providing the system is initially saturated with excess antigen (Eq. 4). Antibody clones can be selected from the library based on k off values, reducing the number of clones that need to be tested for further screening or characterization.
where F t = MFI at time, t, and F o = initial MFI.
FACS-based analysis of antigen-antibody binding is a convenient and reliable method. Because it does not need purified form of the protein, it can be used at the stage of selection and screening of antibodies. In addition, screening methods that use FACS analysis will be able to differentiate positive clones based on affinity. Unlike other selection methods that collect all positive binders for further rounds of amplification, high and low binders can be separately sorted for further amplification.
Single-Molecule Antigen-Antibody Detection Using AFM
The previous techniques describe methods that can be used to analyze bulk antigen-antibody interactions. However, sometimes it is beneficial to study singlemolecule interactions. Antibody-antigen binding interactions are complex and dynamic processes, and proteins may have a multitude of variable conformations complicating or preventing bulk measurements. AFM is a powerful technique that can be used to measure singlemolecule antibody-antigen interactions.
Three major techniques have been used to explore single molecular interactions: optical tweezers, magnetic tweezers, and AFM. Among them, optical tweezers and magnetic tweezers use either a laser optical trap or a magnetic force field to move a particle with molecules linked on it, while AFM uses a tiny stylus of a few nanometers in radius to directly probe and move the single molecule in three dimensions. An excellent review describing the different principles and instrumentation setups and discussing the resolution and other limitations is available (20) . Although optical tweezer and magnetic tweezer techniques are considered to be noninvasive, they are not particularly well suited for measuring protein interactions because of their low picoNewton measurement range (0.1 to 100 pN). AFM, however, can be effectively used to study interactions between molecules because it has a relatively large measurement range, is simple to operate, and has a unique ability to simultaneously image the sample and measure force interactions.
AFM was derived from scanning probe microscopy, which was invented by Binnig et al. in 1984 (21) . AFM typically contains four main parts: (i) a tip attached to a flexible cantilever, (ii) a laser signal and a photodetector sensing the movement of the tip, (iii) a piezoelectric scanner controlling the X-Y-Z position of the sample, and (iv) a feedback loop controlling the movement of these three parts (Fig. 4) . While the tip raster scans the sample surface, the laser beam is projected off the back of the cantilever onto the photodetector. The tip deflection caused by tip-sample interaction is reflected as a lateral or vertical shift of the laser spot on the photodetector. This shift is used to adjust the X-Y-Z extension of the scanner, to maintain the distance between the sample and the scanning tip at the prescribed set point value, which corresponds to the specific interaction force between the tip and sample. The X-Y-Z position of the sample generated from this process is recorded as the topography of the sample, also known as the height image. This primary imaging mode of AFM is also known as contact-mode AFM, in which the tip is in constant contact with the sample. To reduce interactions between the tip and sample, Hansma et al. invented a new way of oscillating a tip at a high frequency over the sample within a short distance, which is known as intermittent contact or tapping mode AFM (22) .
AFM is able to produce high-resolution images of sample topography in aqueous/liquid environments with the use of minimal sample preparation and without the need to stain the sample. Images with nanometer resolution laterally and Angstrom resolution vertically can be readily obtained (23, 24, 25) . In addition to generating high-resolution images, AFM is also particularly useful for measuring interaction forces between molecules. Since the tip on the cantilever is free to move above the sample surface, it can be modeled as a spring with a spring constant of k. According to Hooke's law, the force exerted between the tip and sample can be calculated from the deflection of the tip (Δz) multiplied by the spring constant k (Eq. 5). For any sudden change in the force interaction between the tip and surface due to the rupture of a bond or unfolding of a molecule, a sharp change in the force curve will be observed. Such special force curves will have multiple peaks or a sawtooth pattern, which is characteristic of nonspecific binding events.
where k = spring constant and Δz = tip deflection.
Most cantilevers and tips used for AFM imaging are made either of silicon nitride (Si 3 N 4 ) or silicon (Si), which provides excellent mechanical elasticity. By fabricating the cantilevers in different geometric shapes and sizes, tips with different spring constants can be constructed. Selecting the cantilever with the right spring constant is critically important for performing protein interaction measurements. The smaller the spring constant, the more sensitive the cantilever is and the weaker force it can detect; on the other hand, the more flexible the tip is, the more difficult it is to obtain good images. Contact mode imaging and noncontact mode imaging usually use cantilevers of different spring constants, and not all of them are suitable for force interaction studies because of sensitivity limits.
To prevent nonspecific binding interactions, the protein of interest can be attached onto the cantilever tip. Two common approaches are used, either esterification or silanization. In general, 3-aminophenyl-trimethoxysilane is used for silanization and ethanolamine is used for esterification (26) . Both of these approaches add functional amine groups onto the end the tip. The amine groups are sequentially connected with glutaraldehyde, which can then be used to connect the target protein onto the tip. If needed, an extended polyethylene glycol linker can be added to allow more flexibility for the attached protein to minimize steric constraints.
AFM was initially used to study the binding interaction between streptavidin and biotin, one of the strongest protein/protein bonds known in nature. With the use of AFM, the force interaction between streptavidin and biotin was calculated to be ∼0.35 nN (27) and between the essentially similar avidin and biotin to be ∼0.16 nN (28) . The difference in these two calculated values may result from the different experimental setups used where one protocol utilized a flat surface to immobilize the protein, and the other used curved agarose beads to minimize the potential for multiple binding events.
Nonspecific binding interactions are a problem in all antibody-antigen techniques, and this is equally true for single-molecule measurements using AFM. The use of nonreactive blocking agents and detergents to minimize nonspecific interactions has been extensively applied in traditional antibody-antigen assays such as ELISA. Similar approaches can be used for single molecule force spectroscopy to differentiate specific antibody-antigen interaction from nonspecific backgrounds as demonstrated on a ferritin and antiferritin system, by using bovine serum albumin and Tween 20 as unreactive proteins and detergents, respectively (29) .
It is important to point out that single-molecule interaction forces as measured by AFM at a specific pulling rate represent a single point in a spectrum of binding strength. It is expected that different forces will be observed at different pulling rates. This principle was elegantly demonstrated by measuring the same streptavidin-biotin attractive forces with the use of a technique called surface biomembrane force probe (30) . The biomembrane force probe is a single-molecule force apparatus, from which the interaction force is detected from the deformation of the vesicle or cell membrane with molecules attached. The measured bond strengths varied from 5 pN to 170 pN, depending on the rate at which the forces were applied. By analyzing the slope of the force versus the loading rate, it is possible to estimate the activation barriers of the interaction complex at a specific loading rate.
Similar experiments using AFM have also been performed to determine the binding force between the Fv fragments of antilysozyme and lysozyme (31) . At a loading rate of 5,000 pN/s, multiples of characteristic unbinding force of ∼50 pN were detected from 900 binding curves, which likely represents the rupture of a single Fv and lysozyme complex. As expected, the measured pulling force varied at different loading rates. It is interesting to note that the kinetic off-rate dissociation constant extrapolated at zero force is ∼1 × 10 −3 s −1 , which is in the same range as the value obtained using SPR (∼3 × 10 −3 s −1 ).
SELECTING ANTIBODIES WITH DIFFERENT SPECIFICITIES BY USING SPR, FACS, AND AFM
While the various techniques described above can be effectively used to measure and study antibody-antigen interactions, the same techniques can also be used to select for antibodies with target-specific binding properties. Antibody-binding domains can be displayed on the surface of cells or virus particles, enabling the selection of displayed antibody fragments that have particular binding properties or that have improved affinity compared with a parent antibody. In the following section, we will briefly describe how the different aforementioned techniques can also be used to select for antibody fragments with improved binding characteristics.
SPR-Based Antibody Selection
SPR utilizes a microfluidic platform to first bind and then elute antibodies from antigens immobilized on the chip surface. This feature can also be utilized to select for higher binding variants of antibodies from a pool of antibodies. For example, in a study by Yuan et al., a library of higher binding variants of a parent antibody binding the protein β-amyloid (Aβ) were selected by using SPR (32) . On average, antibody clones selected by SPR had fivefold better dissociation rates than clones selected by conventional means, and the best dissociation rate obtained with SPR was almost 10 times better than that obtained conventionally (32) . SPR technology has also been used to characterize binding epitopes of two different scFv's isolated against Aβ (33) . While traditional immunoassays such as immunoblot, ELISA, and immunoprecipitations can be used for epitope mapping, SPR does not require a washing step to remove unbound material, which also makes it possible to characterize low-affinity and transient interactions (33) . In this study by Liu et al., different peptide epitopes of Aβ (Aβ1-16, Aβ17-28, Aβ29-42) were immobilized to SPR substrates and different scFv's were injected over the chips. Binding specificity can be readily detected by the association curves (Fig. 5) .The association (k a ) and dissociation (k d ) rate constants and the dissociation constants (K D = k a /k d ) for the entire AB peptide were also determined ( M] is primarily due to differences in the association rate constant, k a , rather than in the dissociation rate constant, k d . 
FACS-Based Antibody Selection
FACS can also be used to select for surface display antibodies with increased binding affinities. Proteins such as antibody fragment libraries can be displayed on the surface of yeast cells by fusing the antibody fragment to a yeast agglutinin receptor (14) . Cells can be tagged with fluorescently labeled markers to identify the number of antibody fragments displayed and the number of antigen molecules bound (15) . Cells can then be sorted to isolate cells expressing antibody fragments with high affinity for the given target antigen. By the use of this protocol, antibody fragments with high affinity against antigens, including epidermal growth factor receptor, hen egg lysozyme, and p-53 phosphopeptides were readily isolated (14) . A schematic for the process of selection is shown in Fig. 7 . The K D values can be determined as described earlier. One of the major advantages of using flow cytometry-based techniques is the ability to distinguish between binders with high and low affinities. Negative selection steps can also be included in the selection process to facilitate isolation of antibody fragments with specific binding properties. For example, an scFv that selectively inhibited only one side of a target proteolytic cleavage site on the amyloid precursor protein was isolated by first eliminating all cells that bound to a highly immunogenic site on one side of the cleavage site corresponding to the amino terminus of the Aβ protein implicated in Alzheimer's disease (34) . Monitoring the panning process by using flow cytometry ensured that the negative selection successfully eliminated cells binding the nondesired antigen. Other panning techniques can be used to evaluate the individual clones for antigen binding. FACS enables the panning process to be monitored in real time, greatly facilitating the efficient selection of desired antibody fragments.
AFM-Based Antibody Selection
Since individual protein-binding events can be monitored by AFM, this provides a powerful tool to facilitate the isolation of antibody fragments with very selective binding specificities. For example, antibodies that recognize specific protein variants or morphologies can have important implications for studying, diagnosing and treating different diseases. We developed an AFMbased biopanning protocol that utilizes the nanoscale imaging capability of the AFM and the diversity of phage display antibody libraries to isolate antibody fragments with very specific binding properties (35) (Fig. 8) . With the use of this AFM-based method, antibody fragments against selected protein morphology targets can be used with high efficiency with the use of minimal sample volumes and without the need to modify or label the antigen.
In AFM biopanning, the target antigen is first immobilized on mica and then imaged by using AFM to confirm that the desired antigen morphology is present. A phage library is then added to the antigen-coated mica to select for the phage clones that have the strongest affinity to that particular protein morphology (Fig. 9) . AFM is used to monitor each step of the biopanning process, including binding, washing, and elution, greatly increasing the efficiency of the panning process and ensuring that a high percentage of recovered clones have the desired binding specificity. With the use of this AFMbased biopanning technique, antibody fragments with specificity for a variety of target protein morphologies were isolated, including different oligomeric and fibrillar forms of α-synuclein (36, 37) and Aβ (38, 39, 40) .
Most antibody selection methods require significant amounts of purified antigen target for selection and screening and involve several rounds of amplification to enrich the number of positive clones present in the eluted mixture. However, many biologically important antigen targets are either scant in availability, difficult to purify, or may be unstable. In order to isolate antibodies to such antigens, a more direct method would be to directly "fish" out the desired antibodies. By the use of the AFM cantilever as the "fishing pole," a single-phage recovery technique using AFM was developed based on the principles of the AFM biopanning technology (41) . An image of the target protein-scFv complex is first acquired to determine the presence of a desired target proteinphage. Once the protein-scFv complex of interest is determined, the AFM tip is positioned over the target and the applied force is increased in order to "pick up" the phage-displaying scFv bound to the target protein. The DNA of the scFv can be recovered and amplified from the single-phage molecule on the AFM tip by using PCR. The advantages of this AFM single-phage recovery technology include (i) selection for morphology-specific scFv's from a mixture of different antigens, (ii) detection and recovery of antibodies of transiently stable protein morphologies, and (iii) recovery of antibodies from different regions of the same protein aggregate, e.g., the sides, ends, or along the axis of a fibril. With the ability to screen, select, and recover antibodies on one platform by using minimal amounts of target protein, this AFM technology is very useful to generate affinity reagents to a variety of target protein morphologies of interest that may be difficult to isolate by conventional methods such as ELISA. This protocol enables endless possibilities to detect the presence of various transient intermediate protein structures that occur in vivo and that may be involved in various human diseases.
SUMMARY
Antibody-antigen binding is a complex and dynamic process driven by various noncovalent forces including hydrogen bond, van der Waals, ionic, and hydrophobic interactions. Since both antigen and antibody are flexible molecules that are constantly moving, the different forces between the antibody and antigen are also constantly changing during binding and unbinding events to accommodate for the changes to the structure of each molecule. Therefore, it is crucial to understand and determine the thermodynamic properties of antibodyantigen interactions, such as the equilibrium binding (K D ), association (k on ), and dissociation rate (k off ) constants, in order to elucidate the affinity and specificity of an antibody to its target antigen. Traditional immunoassays such as RIA and ELISA have long been used to determine the steady-state equilibrium interactions between an antibody and antigen and are excellent techniques for large-volume, high-throughput screening of antibodies against an array of antigens. However, these techniques are not suitable for more intricate analysis such as a precise characterization of an antibody-antigen interaction, the determination of antibody specificity for rare and unstable antigens, or for a low-volume-high-throughput screening of antibody libraries.
Here, we present three additional techniques, SPR, FACS, and AFM, that can also be used to characterize antibody-antigen interactions. Each technique has unique detection methods and provides some advantages over traditional immunoassays. SPR offers a realtime, label-free detection system by measuring the changes in refractive index of the sensor chip surface. This allows for continuous monitoring of the kinetic profile between an immobilized agent and free-flowing analyte, and thermodynamic constants can be easily obtained from the SPR sensograms. In addition, different sensor surface chemistries are available for antigen or antibody immobilization, which increases the overall number and variety of targets that can be analyzed. FACS utilizes fluorescently labeled antibodies for characterization of binding events on cell surfaces in order to sort and count cells that have the desired properties. Additionally, the use of multiple labeled antibodies is possible in FACS, which allows for the simultaneous analysis of multiple targets on a single cell. Because thousands of particles per second can be easily counted and sorted by using FACS, this technique is very efficient for drug or antibody screening. Finally, AFM provides a high-sensitivity detection method to detect antibodyantigen interactions without the need of a label. Individual molecular forces between an antibody and antigen can be elucidated by using the AFM, as well as the folding and unfolding of a biomolecule by varying the loading rates. In addition to force measurements, the intricate structures or morphologies of biomolecules can be obtained by using the AFM with high resolution. These capabilities can facilitate more precise antibody selection methods against different target protein morphologies.
The demand for antibodies with higher affinity and specificity is increasingly important for both diagnostic and therapeutic applications to eliminate nonspecific and off-target interactions. In order to design and synthesize the next-generation set of antibodies, analytical methods are needed to characterize, screen, sort, select, and determine the binding kinetics of the antibodies against an array of antigens. The techniques discussed in this article are among some of the modern analytical tools that can be used to study antibody-antigen interactions. They are good alternatives or complementary techniques to the classical immunoassays in providing a fast, label-free, low-volume, high-throughput screening of antibodies with high specificity and a molecular level of detection resolution.
